Introduction
It has been well known that carbohydrates play a vital role in biological systems, mediating various cellular processes and crucial recognition events. Lectins are carbohydrate-binding proteins that specifically recognize diverse sugars and are important for a wide range of cellular processes including cell adhesion, host-pathogen interactions, phagocytosis, apoptosis, embryogenesis and cancer metastasis (Sharon and Lis 1989) . Sialic acids are widely spread in animal tissues and are found to be attached most often terminally to N-glycans, O-glycans and gangliosides. Sialic acids have shown diversity in linkages, most of them arising from modifications at C-5, C-4, C-7, C-8 and C-9 positions and are important in cell adhesion and infection, binding and transport of charged molecules, serving as antigenic determinants, mediate cell-cell processes in immune response and cell migration (Traving and Schauer 1998; Lamari and Karamanos 2002) . Proteins containing sialic acids in their glycan moieties, serve as ligands to a variety of receptor proteins, through which different sets of signaling and regulatory events are triggered. Sialic acids also play a role in masking recognition sites apart from being biological targets themselves (Traving and Schauer 1998; Schauer 2000) . Microbes use sialylation to protect from humoral and cellular immune defense systems (Traving and Schauer 1998) . In addition, the microbial sialic acids inhibit the alternate complement pathway by binding to factor H (Ram et al. 1998) . The most well known sialic acid recognizing proteins are siglecs, sialidases, sialyltransferases, selectins and viral capsid proteins (Chen and Varki 2009; Neu et al. 2011) .
Proteins that bind sialic acid belong to a wide range of sequence families. Comparison of their structures also reveals that they belong to different structural classes and are involved in diverse physiological functions. Yet, they all share a common feature of the capability of binding sialic acid. An obvious question then is what brings about this common recognition function. It is of great interest to understand the features responsible for generating such recognition capabilities. Motifs within a closed group of proteins such as sialyltransferases (Gillespie et al. 1992; Jeanneau et al. 2004; Patel and Balaji 2006) , among viral receptors such as adenovirus subgroup D serotype 37 (Ad37) and canine adenovirus D serotype 2 (cAd2) fiber knob proteins, virus protein 1 (VP1) proteins of Polyoma and simian virus 40 (SV40), influenza hemagglutinin (HA) proteins (Neu et al. 2011 ) and between siglec and adenovirus capsid protein (Rademacher et al. 2012) , have been reported earlier. However, there is no report in literature about a systematic study to analyze and understand the recognition properties in diverse proteins. Here, we analyze the recognition sites using protein structural data and seek to derive common recognition principles, if any, in such a diverse set. Knowledge of such determinants will be of great use in predicting function in genome sequences and in annotating proteins whose functions are yet to be determined. With an increase in the number of known structures that bind to sialic acid in the Protein Data Bank (PDB; Berman et al. 2000) and the availability of efficient algorithms to compare binding sites in proteins such as Probis (Konc and Janezic 2010) , SitesBase (Gold and Jackson 2006) and in-house algorithms like PocketMatch (Yeturu and Chandra 2008) and PocketAlign , it has now become feasible to probe common recognition principles in different protein families.
Results
The advanced search in PDB resulted in 170 initial structures upon which a first-cut filtering for multiple entries of the same protein or very similar proteins resulted in a data set of 90 structures. Of these, 60 structures had covalently bound ligands and hence were removed. This resulted in further reducing the number of structures to 30. A Pfam (Bateman et al. 2002) description of the sequence families of this data set of 30 structures indicated that the proteins in the set belonged to 17 different Pfam families. One representative per Pfam family made into the final data set of 17 proteins, which was used for all further analyses. SCOP assignment of fold information was available for nine structures in the Structural Classification of Proteins (SCOP) database (Murzin et al. 1995) . For the remaining, SCOP identifiers were assigned by using The European Bioinformatics Institute (EBI) secondary structure matching (Krissinel and Henrick 2004) tool. Table I lists all proteins in the final data set, along with their functional class and fold information. The data set thus represents the following functional classes of proteins: neuraminidase or sialidase, structural protein, virus fiber head protein, carboxylesterase, siglec, toxin, transport protein, phosphatase and HA, exhibiting a broad range of functional roles such as cleaving glycosidic linkages of neuraminic acids, attachment of viral particles to cells, detoxification of xenobiotics, involvement in ATP-independent periplasmic transport system and many others.
The proteins in the data set were grouped into different families by all-vs-all sequence comparisons and independently also by fold comparisons. Individual site features in diverse sequence families and fold types and subsequently a combination of key site features were identified that can be considered as determinants of sialic acid recognition. Use of these patterns for genome-wide scanning and identification of new sialic acid binding proteins has been illustrated with Mycobacterium tuberculosis proteome as an example, and the work flow of the study has been shown in Figure 1 .
Comparisons, superpositions and deriving fingerprints Analysis of the three-dimensional structures of the 17 proteins in the data set indicated that the data set was represented by different folds namely (i) 6-bladed beta propeller, (ii) concanavalin A like lectin, (iii) alpha-beta hydrolases, (iv) fibrinogen C-terminal domain like, (v) immunoglobulin-like beta-sandwich, (vi) nucleoplasmin-like, (vii) periplasmic-binding protein-like II, (viii) OB-fold, (ix) HAD-like, (x) viral protein domain and three additional unknown folds (Supplementary data, Figure S1 ). Thus, it is clear from this data set that proteins capable of binding sialic acid belong to diverse sequence and fold families.
Binding site comparison. Binding sites of each of the proteins in the data set were compared with each other using PocketMatch. Using PM dist , a tree was computed and is shown in Figure 2 , which clearly suggests that the 17 sites group into six classes. In addition to the branching pattern as derived from the tree, grouping of nodes into the same class was also based on the presence of common site features as explained in the Over a common scaffold, combinations of site features make up different sites section. The clustering scheme based on binding site similarities thus serves as means of site typing. The clustering observed was able to identify proteins that came from different fold families, but containing similar sites. As examples, pairwise alignments for four such pairs of sites, 1MWE-3B50, 1W0O-2H7C, 2WBV-4HMG and 2JHL-3AH1, are shown in Figure 3 . It is clear from the examples shown that though the proteins come from diverse sequence and fold spaces, commonalities in binding sites exist among them, readily explaining the common function of recognizing sialic acid.
Common residues and interaction analysis. Binding sites in each cluster were further analyzed by obtaining detailed alignments of all pairs of sites in that cluster, using PocketAlign, so as to identify common patterns if any, in them. From this, it was observed that some residue types were commonly present in sites of different proteins existing in different clusters. To see if the six individual clusters had anything in common among them, which was not obvious at the level of whole sites, we structurally aligned all sites, keeping 1MWE site as the reference, using PocketAlign. Visual inspection of the sites suggested that residue types such as tyrosine, arginine and aspartic acid were present in most structures. The amino acids were grouped into five types as acidic, basic, polar, hydrophobic and aromatic. The number of times a given residue occurred was expressed as a fraction of the total number of residue occurrences in that spatial location in the site alignment and was taken as the conservation index of that residue. It was observed that tyrosine was the most frequently occurring residue (0.95), followed by arginines (0.7) and negatively charged residues (0.56). The presence of key substructural features was observed in different combinations from diverse protein families, conferring recognition of sialic acid. Figure 4A shows the site alignment of 17 different Pfam families in the data set, highlighting the importance of tyrosine and arginine residues around the carboxylic acid group of the reference ligand and acidic residues around the hydroxyl and glycerol groups of the reference ligand, respectively. A sequence logo representation for the structure-based sequence alignment (shown in Figure 4B ) was carried out which also illustrates the predominance of tyrosine and arginines. Within the sialic acid molecule itself, it was observed that the conservation around C1, C2 and C4 atoms was more prominent, while being more diverse around the C5 atom ( Figure 4A ), consistent with the fact that variations among sialic acids are observed through C5.
Further, to study binding site interactions, Ligand Protein Contacts (LPC; Sobolev et al. 1999 ) was used to identify the polar and van der Waals contacts for all the protein-ligand complexes in the data set. Hydrogen bonding distance cutoff of R Bhagavat and N Chandra 3.5 Å and van der Waals distance cutoff of 4.5 Å were employed to derive the conserved interactions across the diverse data set. It was observed that for the atoms O1A, O1B and O8, mainly, the conservation of residues was more prominent. The atoms O1A, O1B and O8 are seen in all the ligands. But in the spatial position of O4 (in SIA), there is O3 for NGC and NE, NH1 and NH2 for ZMR ligands. Thus, the conservation was seen for mainly these atoms which constitute three groups; O1A-O1B, O4-O3-NE-NH1-NH2 and O8. For example, about 100 interactions with arginines at the binding sites were found with O1A and O1B atoms of the ligand. A high preponderance of interactions of aspartic acid and arginine with the O4 atom was also seen, as also a glutamic acid and arginine with the O8 atom of the sugar. Of the residues at the site, R118 has a hydrogen bond The ligands are denoted by their three-letter HETATM code and is as follows: SIA, sialic acid; SLB, 5-n-acetyl-beta-D-neuraminic acid; NGC-3, 5-dideoxy-5-[(hydroxyacetyl)amino]-D-glycero-alpha d-galacto-non-2-ulopyranosonic acid (structure bound to FSI ligand was a covalent intermediate and hence removed from the study). For structures 2WBV, 3AH1 and 3HMY, the fold could not be assigned. Structures for which SCOP has been further assigned are shown in bold faces and underlined on the Sl. No column.
Common recognition principles for sialic acid binding with O1 atom of the sugar, D151 with O2 and O4, R152 with O10, R292 with O1, R371 with O1 and Y406 (residue numbers correspond to 1MWE) with O1 and O6 atoms. For all the other sites, it was checked whether equivalent residues for these also had similar interactions with the same atom of the sugar. The arginine triad which binds to the carboxylate group plays a direct role in catalysis, the aspartic acid acts as acid/base catalyst and the glutamic acid along with tyrosine acts as a nucleophilic pair. Moreover, the sugar O1 atom forms a bidentate hydrogen bond with the arginine of the triad, which is known to be crucial for binding (Buschiazzo and Alzari 2008) .
Ligand alignment vs site alignment. Conventionally, binding sites of the same ligand are compared by aligning the ligands and viewing the pair of sites in context of the aligned ligands. To compare the alignment based on this approach with the site-based alignment reported here, ligand alignment using LigandAlign , http://www.serc.iisc.ernet.in/graduationtheses/kalidas-thesis.pdf) was accomplished and their sites viewed in that context. A high occurrence of arginine and tyrosine residues around the carboxyl group and aspartic acid around the glycerol group were observed. However, beyond this, no clear pattern emerges when the sites are viewed in this perspective, when compared with the clear consensus patterns due to site-based alignments (Supplementary data, Figure S2 ). This demonstrates the need for site-based alignments when compared with simpler ligand-based alignments, since different modes of binding are captured only in the former. Hence, only site-based alignments are considered for all further analysis in this study. Tree generated based on PM dist scores. The nodes are colored based on the clustering observed, and additionally on the presence of common site features explained in the Over a common scaffold, combinations of site features make up different sites section. It is seen that the binding sites group into six clusters (labelled 1 to 6), referred to as six different binding site types in this study.
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Over a common scaffold, combinations of site features make up different sites For the six binding site types (Figure 2) , it was observed from the site alignments that one or more site features existed in different combinations in all the site types. The site features refer to certain residues in the binding site which are structurally conserved at the three-dimensional level and significant as obtained from the site alignments and do not refer to the interactions with the ligand groups. Figure 5 and Supplementary data, Figure S3 show the distribution of these site features that exist in different combinations to make up the six site types. Table II shows the individual residue correspondences of each structure aligned onto the reference structure, 1MWE. It can be seen that site feature 1 consists of three arginines and a tyrosine, site feature 2 consists of acidic residues, site feature 3 consists of an arginine and a tryptophan and site feature 4 is made up of Common recognition principles for sialic acid binding acidic amino acids and an arginine, majorly. The conservation at the site level is clear for these residues upon structural alignment; and thus, even one or more such residue(s) making up the features appear to be sufficient as recognition determinants. It is notable that site feature 1 is observed in all the 17 structures. However, the structure of bacteriophage endosialidase (3JU4) shows a fairly different binding site. Although it is similar to the binding site of B-subunit of AB5 toxin (Figure 2 ), there are no clear conservations of other site features apart from site feature 3, when viewed in a common framework with the reference. The importance of arginine triad (belonging to site feature 1 in our study) has been well mentioned in literature, but only for a particular class of proteins. The number of binding site residues for the structures in the data set varied from as many as 15 to as few as 5, 2ZG1 being the structure showing five residues in the binding site. It appears that 2ZG1 can still bind sialic acid owing to an arginine and a tyrosine of site feature 1 and an arginine of site feature 4. Thus, over a common scaffold, combinations of two or more site features make up different binding sites, which serve as Correlation of residue importance with experimental data from literature Evidence from literature based on experimental site-directed mutagenesis studies of some proteins studied in the data set, points to the importance of charged residues in the function of these proteins. Our analysis also indicate that charged residues R118, E277, R292 and R371 are significantly conserved in the binding site, playing a vital role in sialic acid recognition. Thus, the importance of residues Y526, R498, R416, E401 and E258 reported by Connaris et al. (2002) , which correspond to Y406, R371, R292, E277 and R152 in the reference site, is clearly consistent in the two studies. Mutation of any of the former stated residues abolishes neuraminidase activity and receptor binding. E547 in HN Newcastle disease virus (a homolog of 1MWE in the data set) is important for stabilizing R174 and Y526, and mutation of E547 is also very sensitive to neuraminidase activity and receptor recognition.
A second sialic acid binding site in neuraminidase A second binding site for sialic acid has been reported in influenza virus neuraminidase (Lai et al. 2012 ) and in human parainfluenza virus type HN glycoprotein (Alymova et al. 2011) , which gets triggered and exposed upon attachment of sialic acid to the first site. Also, binding of sialic acid at these sites at the outset appears to be through a different mode of binding when compared with that in the primary site with a canonicalbinding mode. In the case of influenza neuraminidase, sialic acid at the primary site binds in a boat conformation and exhibits a chair-like conformation at the second site. Two spatially distinct binding sites in the same fold are analogous to having two sites in two different folds in terms of sequence-fold-site relationships. Observation of two sites in the same fold as in this protein, therefore, presented a unique opportunity to study if the two sites shared any substructural similarity. Further, in order to understand the feasibility of sialic acid binding at this second site, we carried out a computational ligand docking study by freezing the first molecule of sialic acid along with the protein coordinates. Docking of another molecule of sialic acid using a blind docking protocol resulted in reproducing a strikingly similar orientation of sialic acid at the second binding site with a binding-free energy of −6.7 kcal/mol.
Upon the alignment of the second site with that of the first in 1MWE, we did indeed observe partial similarities or substructural similarities in the residue types particularly those interacting with hydroxyl, N-acetamido and glycerol groups (Supplementary data, Figure S4 ). Further, the second site matched closely with that of the binding site type 1 in the data set (Figure 2) , further strengthening the finding that different sites are made of combinations of site features over a common scaffold.
Determining specificity of the structural motifs by large-scale comparison across PDB In order to determine if the structural motifs identified in this study are indeed characteristic determinants of sialic acid binding and specific to this function, the entire PDB was scanned for the presence of these features at the structural level. A non-redundant sites database, which consists of 18,895 known binding sites extracted from PDB, was available in the laboratory (Anand et al. 2012 ) which was searched using PocketMatch. This resulted in identifying all sites in the data set (since they are anyway present in PDB). In addition, only 24 structures were identified as hits with significant similarity [PocketMatch similarity (PMS) > 0.6], which correspond to 0.04% hit rate, and 107 structures were identified as hits with part similarities (PMS > 0.4 < 0.6), which correspond to 0.2% hit rate. The low hit rate of 0.04% means that the motif is seen Site feature 4   1MWE  R118, R371, R292, Y406  D151, E119  R152, W178  R224, E276, E277  2BER  R118, R371, R292, Y406  D151  R152, W178  R224, E276, E277  1N1Y  R118, R371, R292, Y406  D151  W178  3B50  R292, Y406  D151  W178  R224  2H7C  R292, Y406  D151  R224, E276  1W0O  R371, Y406  R224  2ZOE  R118, Y406  D151  E276  3E81  R292, Y406  D151  4HMG  Y406  W178  E276  2WBV  Y406  R224  3DWP R118
The residue number in each structure has been labeled with respect to 1MWE and refers to the presence of identical or equivalent residues at that precise location in other structures.
Common recognition principles for sialic acid binding only in 4 of every 10,000 structures, of all sites scanned in the database. The less number clearly suggests that the motif does not occur randomly in protein structures, but has a high specificity only to sialic acid binding proteins. It is therefore clear that the identified features are highly sensitive, since only a few structures were identified as hits among all the sites in the nonredundant database. A list of all the hits obtained for PDB scan is given in Supplementary data, Table ST1 .
Genome-wide searches for proteins containing the structural motifs: Example scan of the M. tuberculosis proteome In a parallel study in the laboratory, we had carried out a large scale modeling of the structures of the M. tuberculosis proteome (Anand et al. 2011) . About 70% of the proteome containing 2877 structures including 312 crystal structures were thus available to us (http://proline.physics.iisc.ernet.in/Tbstructuralannotation/). We were therefore interested in exploring if the sialic acid binding structural motifs identified in this study could be used to scan the proteome at the structural level, as an example usage of the identified structural features. 9029 predicted binding sites in the M. tuberculosis proteome were structurally compared using PocketMatch against the structural motifs corresponding to sialic acid binding. This resulted in 16 hits with PMS > 0.4. Rv2498c, Rv1771, Rv1785c, Rv1937 and Rv0060 are some examples of proteins containing the sialic acid binding features, and the pairwise alignments of these example proteins with the reference are shown in Figure 6 . An added advantage of using PocketMatch is that it also reports a local score called the PMS min score which reflects a local substructural match, when part of the site in the hit matches with a part or the whole site in the query. It is interesting that, Rv1902c, annotated in Tuberculist (Lew et al. 2011 ) as a probable sialic acid transport integral membrane protein is an example of a protein containing a partial match sharing some common features with known sialic acid binding sites ( Figure 6 ). In many of the hits in M. tuberculosis, the key residues as defined in the site features are aligned and oriented in a manner that suggests possible sialic acid binding, which could be tested experimentally. Indirect evidence from literature strengthens the prediction for one such example. Rv1937 in M. tuberculosis is thought to be involved in electron transfer reactions or cytochrome functions, utilizing an activated form of SIA as CMP-SIA, which gets converted to CMP-Neu5Gc (glycolyl neuraminic acid) in the cytoplasm with the help of the enzyme CMP-Neu5Ac hydroxylase, an iron-dependent enzyme involved in electron transfer ). It can therefore be expected that this protein is capable of binding sialic acid. The other hit identified (with PMS min ), Rv1902c, belongs to the major facilitator superfamily transporters and is a secondary carrier protein exhibiting a 
carbohydrate transmembrane transporter activity. Other hits identified can now be tested for their ability to bind sialic acid. Table III lists the names of proteins containing the hits from this search. This analysis serves as a case study to show how the determinants of sialic acid recognition could be used to identify relevant proteins and hence predict function, using genome-scale data.
Discussion
What ultimately matters for a biological cell is the function of the protein and not what means are used to achieve that function. The functional capability is abstracted in terms of the precise three-dimensional geometry and chemistry at the binding site, while the "means" is abstracted by sequence and fold that facilitate the formation or maintenance of such substructures. The precise molecular recognition properties and hence all further functions are governed by these substructures at the functional sites in each protein. Detection of a similarity at the level of sites therefore rationalizes many of the examples of diverse proteins performing one function. It also helps in understanding structural determinants of the genesis of that function by way of understanding determinants of recognition of the relevant ligand. Hence, in this work, we have studied similarities at the site level and derived common recognition principles.
From our study, we find that when protein sequences in our data set are aligned using sequence alignment methods, no appreciable similarity is detected. Similarly, the whole fold level comparison also yielded no acceptable superposition (Supplementary data, Tables ST2 and ST3). A plot of S seq vs PMS and S fold vs PMS (shown as Figure 7 ) reveals that detectable similarities are captured at the site level, for the same lowscoring sequence and fold pairs. The use of S seq and S fold values is mainly to obtain a sense of a comparable measure to relate sequence vs fold vs site similarities. Thus, the individual scores are presented in a normalized fashion for all three categories. For example, a pairwise alignment with the sequences of 2BAT and 2H7C results in 40% positives for a stretch of 29 residues, but S seq , which includes positives, length of the smallest protein of the pair and the number of aligned residues in its expression, relates the two proteins with an S seq score of 0.05. This is more meaningful as the two proteins are from completely different sequence classes. A matrix, showing all-vs-all similarity scores using Blastp (Altschul et al. 1990) and LALIGN (Huang and Miller 1991) , and DaliLite (Holm and Park 2000) and TM-Align (Zhang and Skolnick 2005) for sequence and fold comparisons, is shown in Supplementary data, Tables ST2 and ST3. The results obtained from different approaches were seen to match well in the case of sequence and fold comparisons, thus ruling out any artifacts due to a particular method. The situation was similar to that for ligand alignments also. For binding site alignments and also for those site-pairs that could be compared with ProBis and SitesBase, alignments were found to be good.
Further, when the sites are aligned, residue conservation is identified, and patterns are derived that serve as recognition determinants. Structural alignments of the binding sites are not constrained by similarities in ligand orientations and hence explore site similarities by allowing for ligand re-orientations when compared with each other, thus detecting any similarities in the sites more effectively. Carbohydrate-binding sites particularly are seen to have similarities in binding sites in diverse sequence and structural families as seen in the case of mannose (Ramachandraiah and Chandra 2000) , glucose and galactose (Prabu et al. 2006) .
Finding recognition patterns for viral sialic acid binding proteins has been reported by Neu et al. earlier. The binding sites in these that bind to sialic acid non-covalently are seen to indeed contain the site features identified in our study, placing them in the context of all other sialic acid binding proteins. Neu et al. noted that the ligand orientations differ among members sharing similar sequences and folds, e.g. VP1 and SV40 proteins and Ad37 and cAd2 fiber knob proteins. We observe that the site architectures and geometries too are conserved in the same examples, yet they bind the ligand in a different Common recognition principles for sialic acid binding orientation. This may be unique to ligands with an extent of pseudosymmetry such as for sugars and subtle changes in the site may be sufficient to bring about changes in ligand presentation to the protein, a phenomenon observed in the case of glucose and mannose also and may have some bearing on specificity (Prabu et al. 2006) , although this is yet to be systematically investigated. Another study reported by Rademacher et al. finds similarities in the binding sites of siglec and the adenovirus fiber protein. It appears from their paper that their method of finding similarities is based on aligning ligands and looking for similarly positioned residues in the sites (what we term in our study as ligand-based alignment). In our study, although the canine adenovirus capsid protein (2WBV) and siglec (2ZG1) show some similarity of five residue correspondences upon matching, with a finer level of classification, we see that 2WBV is more similar to the influenza HA protein (4HMG) and thus form a different type of site. When the sites are matched globally, these two proteins obtain a similarity score of only 0.11 (PMS). However, a local match reflecting partial similarity (PMS min ) was found to be 0.45 for the adenovirus fiber knob protein (2WBV)-siglec (2ZG1) pair with five matching residues. In the site-based clustering reported in this study, we see that these two sites, although at a gross level have some commonalities, form different subtypes evident upon a finer classification of sialic acid binding sites into six types. Although tools like GlyVicinity (Lutteke et al. 2005 ) are used for finding the most frequently occurring residues for carbohydrate ligands, a detailed study of binding site typing and identification of residue groups for particular type of sites with precise spatial conservation have been carried out in our work. A comprehensive way of classification of sialic acid binding sites, as carried out in this study, and thus the identification of binding signatures serves to be useful in not only comprehending the structural basis of sialic acid binding across large number of diverse proteins, but also in annotating functions of yet to be characterized proteins, a requirement that stems typically with the availability of genome sequences. The data set also includes zanamivir which is a well-known drug administered for influenza. Deriving commonalities in binding is useful in explaining the function in a broader sense, especially for its implications in drug design. Knowledge of the critical features responsible for specific ligand binding, enables focusing of lead design and lead optimization efforts, so as to give a higher priority for ligands capable of retaining such interactions.
Methods

Data set preparation
Sialic acid (SIA) and its analogs in PDB were identified through a Relibase search (version 3.0.1; Hendlich et al. 2003) . Those ligands whose chemical fingerprints share a Tanimoto similarity value of ≥0.8 (in a scale of 0-1) with sialic acid were considered as its analogs. This resulted in the identification of five additional ligands which are 5-n-acetyl-beta-D-neuraminic acid (SLB), 3,5-dideoxy-5-[(hydroxyacetyl)amino]-D-glyceroalpha D-galacto-non-2-ulopyranosonic acid (NGC), 2-propenyln-acetyl-neuramic acid (CNP), 5-(acetylamino)-2,6-anhydro-3,5-dideoxy-3 fluoronononic acid (FSI) and the known inhibitor zanamivir (ZMR). List of proteins bound to these ligands were obtained from RCSB PDB using an advanced search with the following criteria: (a) the presence of the chemical (hetero) ID, (b) has specified ligand bound to the structure and (c) experimental method was x-ray between 0 and 4 Å resolution. Multiple entries of the same protein or very similar proteins were removed by carrying out a multiple sequence alignment using ClustalW (Thompson et al. 2002) , eliminating all those with greater than 90% sequence identity to any other member in the data set and retaining only the highest resolution one in each subset. Those ligands that are covalently bound to the proteins were also manually inspected and removed, from which a further list was prepared. Following this, a final filtering to remove sequence redundancy was carried out by obtaining their Pfam annotations (which corresponds to a sequence redundancy threshold of 30% similarity with the Blosum62 substitution matrix), and retaining only one protein per Pfam family in the final data set, which was used for all further analyses. Fig. 7 . 2D graphs plotted for (A) sequence and site similarity scores using S seq and PMS, respectively, (B) fold and site similarity scores using S fold and PMS, respectively. The graphs in both the panels are divided into four regions namely; 1, low S seq /S fold and low PMS; 2, high S seq /S fold and low PMS; 3, high S seq /S fold and high PMS; 4, low S seq /S fold and high PMS. The vertical line in both the plots refers to a standard cutoff of 30% (0.3) similarity. Site similarities achieved in region 4 are greatly explored to derive recognition commonalities.
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Sequence and fold comparisons FASTA sequences for all chains involved in forming the binding site in each structure were extracted from Uniprot database (The Uniprot Consortium 2013). Sequence comparison in an all-vs-all manner was carried out using the stand-alone version of BlastP and the pairwise similarity scores were converted to a normalized score using the expression,
where S′ is the positives/100, C the number of residues aligned and M the length of the smallest protein of the two, which was subsequently used for generating a distance matrix. Structural comparison of the whole subunits at the fold level was carried out using a standalone version of DaliLite. The distance values obtained in the form of RMSDs were converted to a normalized similarity index using the expression (Krissinel and Henrick 2004) ,
where C is the number of residues aligned, RMSD the root mean square deviation, N 1 the length of the first protein, N 2 the length of the second protein and R o the empirical parameter set to 3 Å. The resulting scores were subsequently used for computing a distance matrix.
Binding site comparison
The binding sites of the proteins were extracted from the PDB files in the data set by taking a zone of 4.0 Å around every atom of the individual ligands in different structures. Complete residues of protein atoms lying in this zone were taken. Of the 30 structures, the sialic acid binding sites were located within a single subunit in all cases except in 2H7C and 3E81. In the latter two, the sites were located at the interface of two subunits and hence site residues from both subunits had to be considered. The binding sites of SIA and its analogs were compared in an all-vs-all manner using an in-house algorithm called PocketMatch. The PMS score is already scaled between 0 and 1 and was converted to a distance score by using PM dist = 1 − PMS.
(A threshold of 0.4 PMS was chosen as a score which implies notable similarity.) A distance matrix and a tree were computed based on PM dist . PocketAlign, another in-house developed tool for aligning binding sites, was used for structural analysis. Weblogo (Crooks et al. 2004 ) was used for generating the sequence logos at the binding sites. Interactions at the binding site were derived by using the LPC tool. Molecular docking was carried out using AutoDock (version 4.2; Morris et al. 2009 ) for binding mode prediction. Pymol (version 1.2r1 from www.pymol.org), VLife Sciences suite (www.vlifesciences. com) and MSI software package (InsightII) were used for 3D visualization and analyzes of the structures. Pymol was used for generating the images.
Ligand-based site alignment A separate exercise of comparing sites was also carried out, by aligning individual ligands with each other, and viewing the sites in the context of the aligned ligands. Sialic acid (SIA) of 1MWE structure was taken as reference and all the other ligands (along with the site residues in the background) were overlaid using an in-house ligand alignment method, LigandAlign and also verified with LigAlign (Heifets and Lilien 2010) . The transformation matrix thus obtained was subsequently applied for all atoms of the respective binding site residues in each case. Thus, the site residues are aligned as a consequence of ligand alignment.
Tree construction A tree was constructed from the dendrogram derived from the distance matrix based on PM dist , using MEGA (Tamura et al. 2007 ). The neighbor joining method was employed for computing the branch lengths in the trees using distance measures, which was used for obtaining a measure of distance between two branches. Branches of the tree can be interpreted as an individual cluster, since binding sites within a branch are necessarily closer to each other than those in other branches.
Alignment verification: In order to ensure that the alignments obtained at the levels of (a) sequence (b) whole fold, (c) binding sites and (d) ligand, additional methods were used in each case using orthogonal algorithms. LALIGN that uses the Smith and Waterman algorithm was used for obtaining pairwise sequence alignments. TM-Align, a structure matching tool at the whole fold level, was used for obtaining fold superpositions so as to compare with the DaliLite results. ProBis and SitesBase were used for comparing PocketMatch and PocketAlign results, and LigAlign was used to compare with LigandAlign for ligand alignments.
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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